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This paper reports the development of a methodology combining microstrip ferromagnetic res-
onance (MS-FMR) and digital image correlation (DIC) in order to silmuteanously measure the
voltage-induced strains and the magnetic resonance in artificial magnetoelectric heterostructures
(“magnetic films/piezoelectric substrate” or “magnetic films/flexible substrate/piezoelectric actua-
tor”). The overall principle of the technique and the related analytical modelling are described. It
is powerful to estimate the magnetostriction coefficient of ferromagnetic thin films and can be used
to determine the effective magnetoelectric coefficient of the whole heterostructures in addition to
the piezoelectric coefficient related to the in-plane voltage-induced strains. This methodology can
be applied to system for which the strains are well transmitted at the different interfaces.
PACS numbers:
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I. INTRODUCTION
During the last decade, many groups have con-
centrated their effort on the study of ferromag-
netic resonance (FMR) tunability through electric field
strain induced MagnetoElectric (ME) coupling [1, 2].
Many ME systems based on ferromagnetic/ferroelectric
heterostructures have been developed, encompassing
voltage-tunable microwave signal processing devices [3–
5], magnetoelectric random access memory devices[6–9]
and strain-control GMR devices [10–12]. For all these
kinds of systems, the properties are controlled via the
elastic voltage-induced strains transmitted from the fer-
roelectric medium to the ferromagnetic one. Hence, the
knowledge of the elastic strains must be known in or-
der to predict the changes of magnetic state induced by
applying voltages. Concerning magnetic thin films de-
posited on substrates, there are two ways to control the
magnetization by applying voltage-induced strains : i)
deposition of the film on a piezoelectric substrate [13–
15] and ii) deposition of the film on a “non-piezoelectric”
substrate and subsequent cementation on a piezoelec-
tric actuator [16–18]. In the first one, the in-plane
strain transmission is generally good, the main disad-
vantage being to transfer existing process to piezoelec-
tric substrates (PZT, PZN-PT, PMN-PT, ...) ; in the
second one, the main problem is the possibly bad in-
plane strain transmission when the substrate is rigid (Si,
GaAs, MgO, ...), the total transmission being attained
only with compliant substrates (polymers) [19]. In the
∗Electronic address: zighem@univ-paris13.fr
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two cases of full transmission (“film/piezoelectric sub-
strate”, “film/polymer substrate/piezoelectric actuator”),
the knowledge of the in-plane strains in the piezoelec-
tric substrate or actuator is sufficient to know the in-
plane strains in the whole system. In order to mea-
sure simultaneously the in-plane strains and ferromag-
netic resonance in such systems, we have developed a
methodology combining in situ microstrip ferromagnetic
resonance (MS-FMR) with the Digital Image Correla-
tion (DIC) technique. In this paper, we will show the
general principle of the technique including the analyti-
cal formalism, before describing the experimental details.
Then we will show an example of study on a “Finemet®
film/Kapton® substrate/piezoelectric actuator” system
highlighting the potentialities of the method. Especially,
we will show that this technique is very efficient to de-
termine the magnetostriction coefficient at saturation of
the film, in complement to recently developed techniques
for thin films, such as magnetoelastic measurement setup
with a MOKE magnetometer [20], substrate deflection
method under magnetic field [21], laser Doppler vibrom-
etry [22], applied whole wafer curvature [23], strain mod-
ulated ferromagnetic resonance [24], or vibrating sample
magnetometer coupled with bending[25].
II. PRINCIPLE
A. Methodology
The voltage strain-induced magnetoelectric coupling in
artificial multiferroic systems, consisting on a magnetic
film deposited onto a piezoelectric substrate, is based
on a two step process: i) the application of an electric
field inside the piezoelectric medium induces mechani-
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Figure 1: Schematic illustration showing angles, fields and
coordinate systems used in the text.
cal deformations to the magnetic film via piezoelectric
effect and ii) magnetostriction of the magnetic film in-
duces a magnetoelastic anisotropy which can be strain(or
voltage)-tunned in amplitude and direction. In these con-
ditions, a quantitative evaluation of this indirect magne-
toelectric coupling requires both the determination of the
strains induced by the piezoelectric medium to the ferro-
magnetic film and the induced magnetoelastic anisotropy.
These parameters can be evaluated with our experimen-
tal setup. Indeed, with our setup, when applying a volt-
age to the piezoelectric medium, it is possible to simul-
taneously measure the induced mechanical deformation
and the magnetoelastic anisotropy thanks to a combi-
nation of digital image correlation and broadband fer-
romagnetic resonance techniques. Indeed, the uniform
precession mode resonance field is directly linked to the
magnetoelastic anisotropy when the film is submitted to
external stresses. In these conditions, it is not only possi-
ble to measure an effective magnetoeletric coupling which
do not necessary require the strains evaluation inside the
magnetic film but also the magnetostriction coefficients.
The following paragraph presents a basic analytical mod-
elling of the resonance field variation as function of ex-
ternal applied stresses.
B. Theoretical background
In this paragraph, the resonance field of the uniform
precession mode of a magnetostrictive film submitted to
in-plane external stresses is derived in the macrospin ap-
proximation (i. e. a uniform magnetization is consid-
ered). In our system, these in-plane stresses are ap-
plied by the piezoelectric medium to the ferromagnetic
film (see figure 1). For simplicity, the magnetostric-
tive and elastic properties of this thin film are consid-
ered as isotropic (it will be the case in the studied sys-
tem). With these assumptions (isotropic behavior and
macrospin approximation), the magnetostriction coeffi-
cient, the Young’s modulus and the Poisson’s ratio of the
thin film are scalars parameters. The magnetic energy of
the thin film, using the coordinates system presented in
Figure 1 can be written as:
F = Fzee + Fdip + Fme (1)
Where the two first terms stand for the Zeeman and
the dipolar contributions, respectively. The last term
corresponds to the magnetoelastic anisotropy term and
can be written as:
Fme = −3
2
λ
((
cos2 ϕM sin
2 θM − 1
3
)
σxx
+
(
sin2 ϕM sin
2 θM − 1
3
)
σyy
)
(2)
σxx and σyy being the in-plane principal stress tensor
components while θM and ϕM stand for the polar and
the azimuthal angles of the magnetization ~M . Finally, λ
is the isotropic magnetostriction coefficient at saturation
of the thin film. The relation between the principal stress
components (σxx, σyy ) and strains (εxx, εyy) tensors is
given by the isotropic Hook’s law where E is the Young’s
modulus and ν is the Poisson’s ratio:
σxx =
(
E
1 + ν
)(
1
1− ν εxx +
ν
1− ν εyy
)
(3)
σyy =
(
E
1 + ν
)(
1
1− ν εyy +
ν
1− ν εxx
)
(4)
The resonance field of the uniform precession mode eval-
uated at the equilibrium is obtained from the following
expression:(
2pif
γ
)2
=
(
1
MS sin θM
)2(
∂2F
∂θ2M
∂2F
∂ϕ2M
−
(
∂2F
∂θMϕM
)2)
(5)
Where f is the microwave driving frequency and γ is
the gyromagnetic factor (γ = g× 8.794× 106 s−1.Oe−1).
The different energy derivatives are evaluated for the
equilibrium direction of the magnetization. For an in-
plane applied magnetic field, the equilibrium polar angle
is ϕM = pi2 because of the large effective demagnetizing
field associated with the planar film geometry and an
explicit expression is obtained:
(
2pif
γ
)2
=
[
4piMs +Hres cos(ϕM − ϕH)+
3λ
Ms
(
σxx cos
2 ϕM + σyy sin
2 ϕM
)]
×[
Hres cos(ϕM−ϕH)+ 3λ
Ms
(
σxx cos
2 ϕM +σyy sin
2 ϕM
]
(6)
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Figure 2: a) Setup image of the combined MS-FMR/DIC experiment. The circled numbers correspond to: 1○: Keithley Model
2400; 2○: CCD camera (AVT-Pike-f421b); 3○: objective lens for the CCD camera; 4○: white light source; 5○: electromagnet; 6○:
Schottky detector and 7○: modulation coils. Pin and Pout are the injected and transmitted radio frequency current. b) Zoom in
showing the sample mounted onto the microstripline. A typical calculated strain field map is present at the top of the sample.
c) Zoom in of the speckled pattern (spray-painted) at the top of the sample necessary for the strain fields calculations.
Here ϕH is the angle between the in-plane applied mag-
netic field and x direction (see figure 1). The analysis can
be simplified if the resonance field is larger than the mag-
netoelastic anisotropy field ( ~Hme = −~∇ ~MFme). In this
condition, the magnetization direction is almost aligned
along the applied magnetic field (ϕM ∼ ϕH). The reso-
nance field is thus given by:
Hres =√(
2piMs +
3λ
2Ms
(σxx sin
2 ϕH + σyy cos2 ϕH)
)2
+
(2pif
γ
)2
−2piMs− 3λ
4Ms
(
σxx(1+3 cos 2ϕH)+σyy(1−3 cos 2ϕH)
)
(7)
The two first terms represents an almost constant shift
in the resonance field baseline because 2piMs and 2pifγ are
found to be larger than the magnetoelastic and the mag-
netoelastic anisotropy field. The last term correspond to
the angular variation of the resonance field due to the
voltage induced magnetoelastic anisotropy field.
III. EXPERIMENTAL SETUP
The experimental setup presented in figure 2 has been
developed in order to in situ study the indirect magneto-
electric effect occurring in artificial magnetoelectric mul-
tiferroics heterostructures such as the ones presented in
introduction. Our setup combines microstrip ferromag-
netic resonance (MS-FMR) and digital image correlation
(DIC) techniques. The MS-FMR characterization is per-
formed with the help of a field modulated FMR setup us-
ing HP 83752B generator, operating in the 0.01-20 GHz
frequency range, to generate a radio frequency field (~hrf )
of variable power (-100 dBm to +20 dBm). The sam-
ple (figure 2b)) is mounted on a 0.5 mm microstrip line
(the film side is in direct contact with the microstripline)
connected to the HP generator via a semi-flexible SMA
cable and to a lock-in amplifier (Stanford research sys-
tem SR830) to derive the field modulated measurements
via a Schottky detector. The microstrip line (MS), com-
posed of 0.5 mm Cu-strip grown on Cu-back side metal-
ized Al2O3 substrate, is designed to have 50 Ohm char-
acteristic impedance and broadband. The MS and the
sample are inserted inside the gap of an electromagnet
connected to a DC power supplier to generate in-plane
4V
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Figure 3: Sketch of the studied heterostructure showing the
500 nm thick Finemet® film deposited onto a 125 µm thick
Kapton® substrate and glued onto the piezoelectric actuator.
magnetic fields up to 5 kOe with a resolution of 0.1 Oe.
This external magnetic field is modulated at a frequency
of 170 Hz with an amplitude varying from 1 to 8 Oe al-
lowing lock-in detection to be used in order to increase
the signal-to-noise ratio. This broadband MS-FMR of-
fers a high sensitivity allowing to detect a net magnetic
moment down to 10−5 emu.
The piezoelectric media is connected to a Keithley
power supplier (Model 2400) allowing to apply DC volt-
ages in the range [-200 V;+200 V] with 0.001 V resolu-
tion. For each applied voltage, a MS-FMR spectrum and
an image of the top surface of the sample are recorded
(note that the spectrum recording takes from 1 minutes
to several hours depending on the magnetic field step and
on the total width of the spectrum). The images record-
ing at each step will serve to determine the in-plane field
strains. Furthermore, being given the initial “homoge-
neous” surface of the sample, a speckle pattern has been
spray painted in order to generate a contrast which will
serve to calculate the strain fields (an image of a typical
speckled pattern (spray-painted) is presented in Figure
2c)). In our setup, the images are recorded thanks to a
2048 × 2048 pixels CCD AVT-Pike f421b camera verti-
cally positioned in the top of the surface sample. The ob-
jective lens has been chosen in order to be sufficiently far
from the electromagnet (20 cm) with a field view around
1×1 cm2 as shown on Figure2b). The strain fields calcu-
lations (from the different images) have been perfumed by
digital image correlation. Several commercial and open
source softwares based on digital image correlation tech-
nique are available (Ncorr [26], Moire [27], Aramis [28],
Matchid [29], Correli [30], ...) for the determination of
strains fields. In the following illustrative results, the
DIC calculations have been performed by using Aramis.
Finally, it is worth to mention that this setup is piloted
via a Labview program providing flexibility of a real time
control of the magnetic field and the DC voltage sweeps,
step and rate, real time data acquisition and visualiza-
tion.
IV. ILLUSTRATIVE RESULTS
The methodology is illustrated with a “magnetic
film/polymer substrate/piezoelectric actuator” system.
Figure 3 presents a cross-section sketch of the fabricated
heterostructure. An amorphous 530 nm thick Finemet®
film has been deposited onto a 125 µm thick polyimide
flexible substrate (Kapton®) by radio frequency sputter-
ing. The deposition conditions were a residual pressure of
around 10−7 mbar, a working Ar pressure of 40 mbar and
a RF power of 250 W. Prior to the Finemet® deposition,
a 10 nm thick Ti buffer layer , was deposited on the sub-
strate to ensure a proper adhesion of the Finemet® film.
Finally, another 10 nm thick Ti cap layer was deposited
on the top of the Finemet® film in order to protect it
from oxidation. The composition of the film has been
measured by EDS (Energy Dispersive Spectroscopy) and
is close to that of the target (Fe73.5Cu1Nb3Si15.5B7) while
the thickness of the film (530 nm) has been measured
by Scanning Electron Microscopy. After deposition, the
film/substrate system has been glued onto a piezoelectric
actuator.
The figure 4 shows the map of the in-plane strains (εxx,
εyy, εxy) for a few voltages applied to the piezoelectric
actuator (from 0 V to +150 V). For the three in-plane
strain components, the whole distribution is estimated to
be about 10−4 so that the strain heterogeneities in the
piezoelectric actuator are relatively weak. Obviously, to
interpret the FMR results, we use the mean values of the
elastic strains. When we apply a voltage, the mean values
of εxx and εyy vary with
εyy
εxx
∼ −0.65, while the in-plane
shear strain εxy remains unchanged. This behavior is
illustrated in figures 5-a and 5-b where the mean strains
εxx and εyy are plotted as function of the voltage.
In 5-a, the curve corresponds to a simple electric
loading-unloading (0V - 150V - 0V) ; the non-linearity
of the curve is due to the specific piezoelectric behav-
ior of the actuator, which is reversible. In figure 5-b, we
show an unloading from 150V to -150V and a subsequent
loading from -150V to 150V. We observe the so-called
“butterfly” behavior that is due to polarization switching
at about -60V during unloading and 60V during load-
ing. In addition, we have checked that the analysis of
εxx and εyy on the thin film gives same mean values[19].
Thus, the transmission of the in-plane strains between
the actuator and the surface of the film is close to 100%.
The voltage induced anisotropy has been studied in a
specific configuration (magnetic field
−→
H applied along y
axis). The influence of the applied voltage on the mag-
netic properties of the thin film has been probed by MS-
FMR technique. Figures 5-c and 5-d show MS-FMR re-
sults obtained from experimental spectra recorded at 8
GHz with an applied magnetic field along the y axis (i.
e.ϕH = pi2 ) and for different applied voltages; typical ex-
perimental spectra are shown on figure 6-a. In these con-
ditions, the deduced resonance fields are in a magnetic
saturating regime so that we can deduce here the mag-
netostriction coefficient at saturation. It clearly appears
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Figure 4: Calculated in-plane strains fields (εxx , εyy and εxy) and corresponding FMR spectra for specific applied voltages
(from 0 V to +150 V). Histograms of the in-plane strains fields are represented for each applied voltage. Note the almost zero
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variations as function of the applied voltage (a,c: from 0 to
+150 V and back to 0 V; b,d: from +150 V to −150 V and
back to +150 V). The continuous lines in c) and d) are cal-
culated by using equation 7 with the following parameters:
γ = 1.885 × 107 s−1.Oe−1, MS = 965 emu.cm−3, E = 145
GPa and ν = 0.27 and λ = 17.5× 10−6.
that the resonance field increases with the applied volt-
age, which indicates that the y axis is harder and the x
axis easier for the magnetization direction when a posi-
tive voltage is applied. This is consistent with a positive
‐150 ‐100 ‐50 0 50 100 150
160
170
180
190
200
 
 
F M
R  
l i n
e w
i d
t h
  ( O
e )
Applied voltage (V)
‐150 ‐100 ‐50 0 50 100 150
‐1
0
1
2
 
 +150 V
 +100 V
 +50 V
 0 V
 ‐50 V
 ‐56 V
I n
t e
n s
i t y
  ( a
.   u
. )
H‐H
res
 (Oe)
b)a)
1
2
3
Figure 6: a) Typical FMR spectra obtained at 8 GHz show-
ing the linewidth variation as function of the applied voltage.
For clarity, they are centered around 0 Oe (shifted by their
respective resonance field). b) Corresponding FMR linewidth
(∆Hpp) variation as function of the applied voltage (from
+150 V to −150 V and back to +150 V).
magnetostriction coefficient, as expected for amorphous
Finemet® alloys [31]. The shift of the resonance fields
as function of the applied voltage are presented in fig-
ures 5-c and 5-d and corresponds to the tests shown re-
spectively in figures 5-a and 5-b for the strain analysis.
Obviously, the observed non-linear and hysteretic vari-
ations of the resonance field is due to the variations of
εxx and εyy as function of the applied voltage (see figure
3). In order to quantitatively bind the resonance field
variations to the in-plane strains induced by the applied
voltage, we can calculate the uniform precession mode
frequency as function of the applied voltage (strain) by
6adding a magnetoelastic energy term Fme to the total
magnetic energy density F of the film, as described pre-
viously. The solid lines in Figures 5-c and 5-d are fits to
the experimental data calculated by using the parame-
ters previously determined by MS-FMR (γ = 1.885×107
s−1.Oe−1,MS = 965 emu.cm−3) and Brillouin light scat-
tering (E = 145 GPa and ν = 0.27) [32]. Actually, the
magnetostriction coefficient of the thin film is the sole
parameter to be determined using this experiment and
has been estimated to be λ = 17.5× 10−6, slightly lower
that the bulk counterpart (λ = 23× 10−6) [31].
In addition, in figure 6-b, the FMR peak to peak
linewidth (∆Hpp), defined as the field difference between
the extrema of the sweep-field measured FMR spectra,
is plotted as function of the applied voltage using 8 GHz
driving frequency. This figure shows that ∆Hpp is signif-
icantly enhanced by the applied voltage and interestingly
presents similar behavior as the resonance field shift and
the strain (5-b and 5-d) suggesting its correlation with
the voltage induced strain. The modelling of the strain
behavior of the FMR linewidth is out of this paper scope
and will be addressed in forthcoming papers. However,
this strain tuning of the FMR linewidth remains a simple
and promising manner to artificially choose the desired
damping depending on the aimed application.
V. CONCLUSION AND PERSPECTIVES
We have shown a methodology that combines mi-
crostrip ferromagnetic resonance (MS-FMR) and digital
image correlation (DIC) in order to study the voltage-
induced strains effect on magnetic anisotropy in thin
films. The elastic strains are measured on the actua-
tor (or substrate) side while the magnetic resonance field
is measured in the thin films. This technique allows de-
termining the magnetostriction coefficient of the film and
can also be used to determine the effective magnetoelec-
tric coefficient of the whole system and the piezoelectric
coefficient related to the in-plane voltage-induced strains.
This methodology can be applied to system for which the
strains are well transmitted at the different interfaces
(“film/piezoelectric substrate” system or “film/polymer
substrate/piezoelectric actuator” system). Moreover, the
strain tuning of the FMR linewidth is promising for spin-
tronics applications. Indeed, the magnetic damping con-
trols how fast the magnetization reverses and therefore
is interesting technological parameter.
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